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Abstract The analysis of a two-phase slug flow is of immense importance due to its vast applications in many 
industrial problems. A number of experimental and analytical studies have been carried out to study this complex and 
unwanted phenomena. Mostly these studies were limited to the liquid phase and to the statistical parameters and 
formation mechanism. So far no attempt has been made to study the phase interaction and coupling effects of both 
phases simultaneously, which is more important in understanding this complex flow behaviour. This kind of study 
requires the instantaneous velocity fields of both phases simultaneously. Therefore, in this study a PIV-LIF technique 
has been applied to study two-phase (liquid-gas) slug flow in a lab facility. Water and gas were considered as working 
fluids, and slug flow was generated in a nearly horizontal pipe with an inclination of 1.16° to consider the terrain 
slugging mechanism. Liquid and gas phases were seeded simultaneously with fluorescent and titanium dioxide tracer 
particles respectively. Two CCD cameras installed with low pass and band pass filters were used to capture images 
for separate phases. Instantaneous velocity field for both liquid and gas phases were measured simultaneously.  To 
extract the coherent structures and for the analysis of turbulence in liquid and gas phase the proper orthogonal 
decomposition (POD) analysis technique was applied to the velocity fields. Large energy containing modes were 
successfully revealed by POD. The energy distribution of spatial modes for both phases was also measured and 
compared. 
Keywords PIV-LIF · simultaneous velocity · pipe flow · slug flow · POD 
1 Introduction 
Multiphase flows and especially slug flows have applications in numerous industries such as oil and gas transportation, 
nuclear cooling, cryogenics, steam generation, etc. Since slug flow can have potentially catastrophic effects on pipes 
structure it is the subject of many experimental techniques, which can be classified either as intrusive or as non-
intrusive. The most widely used non-intrusive technique is Particle Image Velocimetry (PIV). It is a laser optical 
technique used for the measurement of instantaneous velocity flow fields. The flow is seeded with suitable tracer 
particles which are assumed to follow the flow faithfully. These particles scatter light when illuminated by means of 
a laser. A CCD camera, synchronised to the laser, captures several images of the light scattered by each particle within 
a short time interval. The unit displacement of the particles can then be computed from successive images by means 
of cross-correlation. Finally, the local velocity is obtained by dividing the displacement over the time interval between 
the laser pulses (Adrian 2011). 
1.1 Application of PIV in Multiphase Flows 
PIV is commonly applied to single phase flows. In multiphase flows, measuring the velocity of both phases 
simultaneously remains challenging and significant. A new experimental procedure for performing simultaneous 
phase-separated velocity measurements in two-phase flows was introduced by Lindken and Merzkrich (2002). Particle 
Image Velocimetry in combination with Laser Induced Fluorescence (LIF) and pulse shadowgraph were used to 
measure simultaneously the instantaneous velocities of the liquid phase and bubbles together with the bubbles’ shape. 
This technique was however restricted to the bubbly flow regime. Further, Fujiwar et al. (2004) used PIV in 
combination with LIF and double shadow projection technique to measure the shape and the motion of the bubble 
rising in a rectangular channel. Three CCD cameras were used at different positions, one for velocity measurements 
and two for bubble shadow images. Velocity near the vicinity of the bubble and the 3D vortex structures were studied 
simultaneously. Similarly, the simultaneous velocity measurement of the liquid and the micro bubbles was studied in 
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a horizontal channel using PIV-LIF in combination with Particle Tracking Velocimetry (PTV) and Shadow Image 
Technique (SIT) by Kitagawa et al. (2005). Moreover, to visualize and to measure the vortex structures in large shear 
layers of the jet and the bubbles Milenković et al. (2009) used PIV-LIF in combination with a back light photographic 
recording technique. Jirka et al. (2010) used PIV-LIF to study the grid-stirred induced and boyant convective 
turbulence at an air-water interface. Further use of PIV-LIF in combination with shadowgraph was seen in the 
simultaneous study of liquid phase and bubble velocity in a vertical channel flow (Joshi et al. 2010). Irrespective of 
the liquid and gas flow PIV-LIF is also efficient to measure the simultaneous velocity field of solid and gas flows. An 
Aeolian sediment transport was studied in a wind-sand flow using PIV-LIF and velocity of both phases was measured 
by Wang et al. (2011). 
1.2 Application of PIV in Slug Flows 
Despite slug flow regime being one of the most important in liquid gas flow, optical measurement studies of this 
regime are scarce. However, Goharzadeh and Rodgers (2009) measured the instantaneous velocity field of the liquid 
phase in a slug flow using PIV. They compared the velocity field of a slugy body in a film region and noticed a 
significant drop of velocity in that region. Also, Cameiro et al. (2011) applied PIV-LIF and Pulse Shadow Technique 
(PST) on a horizontal slug. They measured the velocity field of liquid phase, slug frequency and slug length. Czapp 
et al. (2012) successfully applied high-speed Stereo PIV along with LIF on a horizontal pipe slug flow. 3D velocity 
fields and volumetric fraction for the liquid phase were measured. The influence of the gas phase on the dynamics of 
a slug flow has been examined by Siddiqui et al. (2014) using PIV and the detailed turbulence analysis of the liquid 
phase in slug flow has been carried out using PIV and Proper Orthogonal Decomposition (POD) by Munir et al. 
(2014). None of these studies, however, have attempted to measure the full velocity fields of both phases 
simultaneously and to examine their micro structure and interactions. A complete understanding of the interaction 
between both phases requires the instantaneous measurements of the full flow fields simultaneously. 
 
In this study, a new approach using PIV-LIF technique is introduced to measure the instantaneous velocity fields of 
the two-phase (liquid-gas) slug flow simultaneously. The technique was successfully applied in the lab to investigate 
the influence of the gas phase on the liquid phase and to study the coupling effect of the two-phases in a slug flow. 
Also this technique allows the turbulent analysis of both phases by using POD technique. 
2 Methodology  
2.1 Experimental Facility 
Figure 1 depicts the schematic diagram of the experimental apparatus used for this study. The setup shown consists 
of a 6 m long transparent Plexiglas pipe having an internal diameter of 74 mm. The pipe was kept at an inclination of 
about 1.16° to represents the offshore terrain slugging mechanism. The mixing occurs in a T-shaped section with the 
gas-phase entering horizontally along the transparent pipe and the liquid phase entering from the bottom, as illustrated 
by Figure 2. Air and water were the working fluids. An air compressor with a maximum working pressure of 8 bar 
was used to inject the air through a nozzle with an inner diameter of 2 mm. A powder seeding generator with up to 
10 bar working back-pressure was used to seed solid tracer particles in the gas phase. A mass flow meter was installed 
to measure the gas flow rate. A centrifugal pump with a maximum flow rate of 500 l/min was used to circulate water 
into the closed flow loop from a tank having capacity of 800 litres. A turbine mass flow meter was installed to measure 
the liquid flow rate. The flow loop was equipped with a USB acquisition and control system to operate the loop with 
a computer. 
The test section where the optical measurements were performed was situated 3.5 m away from the inlet, allowing 
any effect from the T-section to dissipate. A rectangular correction box filled with the same working fluid is mounted 
around the test section to minimize the optical distortion caused by the curvature of the pipe. 
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Fig. 1 Schematic of the experimental lab facility for two-phase pipe flow 
 
Fig. 2 The T-shaped mixing zone installed with a horizontal plate to separate the phases initially 
2.2 Measurement Technique 
A slug flow regime in the lab apparatus was generated for the optical diagnostic measurements at flow rates of 
100 l/min and 80 l/min for the gas and liquid respectively. The inlet Reynolds number for the liquid and gas phases 
were considered to be 35752 and 1518 respectively. Particle Image Velocimetry (PIV) along with Laser Induced 
Fluorescence (LIF) was used to measure the velocity field of the gas and liquid phases simultaneously.  
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Fig. 3 a Camera and laser setup for optical measurements. b Schematic diagram of the PIV-LIF technique to 
measure the simultaneous velocity fields of the gas and liquid phases 
(a) 
(b) 
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Figure 3(a, b) shows the schematic diagram of the PIV-LIF setup for the phase separated velocity measurements. The 
liquid phase was seeded with Rhodamine-B coated spherical shaped polymer particles (methyl methacrylate) having 
a mean diameter of 20 µm, density 1.19 g/cm3, and a refractive index of 1.479. A solid powder seeder was used to 
seed the air phase with Titanium Dioxide (TiO2) tracer particles of mean diameter 0.3 µm, density 4.2 g/cm3 and 
refractive index 2.6. These particles were then illuminated by means of a double pulsed Nd-YAG laser of wavelength 
532 nm pulsing at a frequency of 15 Hz and maximum energy of 500 mJ/5 ns pulse. The laser sheet was positioned in 
the mid plane of the test section. When illuminated with the laser, the fluorescent particles scattered orange light at a 
wavelength of 555-590 nm, whereas the TiO2 particles scattered at the same wavelength as the laser (532 nm). To 
differentiate the signal from the liquid and gas phases, two 12-bit HiSense CCD (charged couple device) cameras with 
resolution of 1344 × 1024 pixels were positioned perpendicularly to the laser sheet. The cameras were equipped with 
optical filters, the gas phase camera with a band pass filter centered at 532 nm with a FWHM of 20 nm, the liquid 
phase camera with a long pass filter with a cut off wavelength of 570 nm. The purpose of the filters was to completely 
remove the signal from the other phase. 
 
 
                 
 
 
Fig. 4 The raw images of a gas and b liquid phase with c, d the same after masking. A zoomed in section 
highlighting the particles is shown beneath 
A minimum of 200 image pairs were captured with each camera and processed using Dantec Dynamic Flow manager. 
Figure 4(b) shows the image captured using the long pass filter (liquid phase) and it can be seen that the filter 
effectively removed the signal from the gas phase. Figure 4(a) shows the image captured using the band pass filter for 
the gas phase. This filter effectively removed the signals from the liquid particles but for some small cross talk from 
the liquid particles due to Mie scattering.  However, this Mie signal is weaker than the Mie signal of the gas particle 
as most of the laser energy is absorbed by the fluorescence process instead of being scattered. In any case, the interface 
between the liquid and gas can be identified clearly in the images and the liquid phase can be masked in the gas image. 
There is also a small amount of diffusion of the gas particle in the liquid phase. These show a strong signal on the gas 
image, but once again they can be masked by removing the liquid phase, fig. 4(c). 
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Fig. 5 Spurious vectors after cross-correlation can be removed by applying a moving average filter and further 
validations can be done by using an average filter for a, c, e liquid and b, d, f gas vector fields 
Images were first masked to remove the cross-talk, figure 4(c-d) then a standard cross-correlation PIV algorithm was 
applied using 50% overlap and a fixed interrogation area (IA) of 32×32 pixels. Spurious vectors were finally removed 
using a moving average filter and average filter of 7×3 IA. This resulted in a maximum of 83 × 63 vectors per image, 
figure 5(a-f). 
3 Results and Discussion 
3.1 Simultaneous Velocity Fields of Liquid and Gas Phase and Velocity Profiles 
To study the dynamic parameters of a slug flow, three main sections (Slug Nose, Slug Wake and Film region) were 
targeted for visualization. Figure 6 gives the entire velocity fields for the liquid and gas phases at the different sections 
of a slug flow, whereas the scalar distribution of the velocity fields for the two phases are given in figure 7. Both 
figures 7 and 8 shows that a low velocity profile can be seen in the stretched liquid film region as most of the mass 
has been displaced by the slugy body. The gas velocity inside the long bubble in this section remains dominant and 
the average gas velocity remains twice as that of the liquid phase. Some circular motion can also be seen in the gas 
0 20 40 60 80 100mm
0
20
40
60
mm
 V e c t o r  m a p :  C r o s s  3 2  5 0 % ,  8 3 × 6 3  v e c t o r s  ( 5 . . .
 B u r s t # ;  r e c # :  1 ;  4 6 1  ( 4 7 ) ,  D a t e :  4 / 1 6 / 2 0 1 4 ,  T i . . .
 A n a l o g  i n p u t s :  - 0 . 6 4 9 ;  - 0 . 6 4 5 ;  - 0 . 6 7 9 ;  - 0 . 6 9 8
0 20 40 60 80 100mm
0
20
40
60
mm
 V e c t o r  m a p :  C r o s s  3 2  5 0 % ,  8 3 × 6 3  v e c t o r s  ( 5 . . .
 B u r s t # ;  r e c # :  1 ;  4 6 1  ( 4 7 ) ,  D a t e :  4 / 1 6 / 2 0 1 4 ,  T i . . .
 A n a l o g  i n p u t s :  - 0 . 6 4 9 ;  - 0 . 6 4 5 ;  - 0 . 6 7 9 ;  - 0 . 6 9 8
0 20 40 60 80 100mm
0
20
40
60
mm
 V e c t o r  m a p :  M o v i n g  A v e r a g e ,  8 3 × 6 3  v e c t o r s  ( . . .
 B u r s t # ;  r e c # :  1 ;  4 6 1  ( 4 7 ) ,  D a t e :  4 / 1 6 / 2 0 1 4 ,  T i . . .
 A n a l o g  i n p u t s :  - 0 . 6 4 9 ;  - 0 . 6 4 5 ;  - 0 . 6 7 9 ;  - 0 . 6 9 8
0 20 40 60 80 100mm
0
20
40
60
mm
 V e c t o r  m a p :  M o v i n g  A v e r a g e ,  8 3 × 6 3  v e c t o r s  ( . . .
 B u r s t # ;  r e c # :  1 ;  4 6 1  ( 4 7 ) ,  D a t e :  4 / 1 6 / 2 0 1 4 ,  T i . . .
 A n a l o g  i n p u t s :  - 0 . 6 4 9 ;  - 0 . 6 4 5 ;  - 0 . 6 7 9 ;  - 0 . 6 9 8
0 20 40 60 80 100mm
0
20
40
60
mm
 V e c t o r  m a p :  F i l t e r e d _ L f i l m _ 1 0 0 8 0 ,  8 3 × 6 3  v e . . .
 B u r s t # ;  r e c # :  1 ;  4 6 1  ( 4 7 ) ,  D a t e :  4 / 1 6 / 2 0 1 4 ,  T i . . .
 A n a l o g  i n p u t s :  - 0 . 6 4 9 ;  - 0 . 6 4 5 ;  - 0 . 6 7 9 ;  - 0 . 6 9 8
0 20 40 60 80 100mm
0
20
40
60
mm
 V e c t o r  m a p :  F i l t e r e d ,  8 3 × 6 3  v e c t o r s  ( 5 2 2 9 ) ,  5 . . .
 B u r s t # ;  r e c # :  1 ;  4 6 1  ( 4 7 ) ,  D a t e :  4 / 1 6 / 2 0 1 4 ,  T i . . .
 A n a l o g  i n p u t s :  - 0 . 6 4 9 ;  - 0 . 6 4 5 ;  - 0 . 6 7 9 ;  - 0 . 6 9 8
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
      1.5 /s  
Spurious Vectors  
Spurious Vectors  
 Published in Journal of Visualization 
DOI 10.1007/s12650-015-0302-1 
The final publication is available at link.springer.com 
phase near both boundaries (wall and interface) due to strong shear rate. Since the gas bubble moves faster than the 
liquid it influences the liquid velocity in the slug wake section more significantly, as a result the upstream velocity 
becomes nearly equal to the gas velocity. 
 
 
   
   
Fig. 6 Full instantaneous velocity fields of the gas and liquid phases at three different sections of a slug flow (film, 
wake and nose) 
 
 
Fig. 7 Scalar distribution of the axial velocity at different section of a unit slug. Whereas, the color scale is in m/s 
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Fig. 8 Axial velocity profiles of both (liquid and gas) phases against pipe diameter (D) at different sections in unit 
slug, whereas the position of measurements are shown above in a color map that is a combination of both phases 
shown in Fig. 7 
3.2 Average Velocity, Turbulence Intensity and Vorticity 
Figure 9 (a) shows the average velocity profile of the film region in a unit slug, whereas the turbulence I ntensity, 
𝑇𝐼 =
?́?
?̅?
                                                                                  (1) 
where ?́? is the root mean square of the fluctuating velocity and 𝑈 is the mean velocity,  is given in figure 9(b). Vorticity 
is the rotation rate of the fluid and is also known as a pseudovector field that represents the fluid’s local spinning 
motion around a point. For a three dimensional vector field the vorticity is defined by: 
𝑐𝑢𝑟𝑙 𝑉 =  ∇ × 𝑉 = (
𝜕𝑣𝑧
𝜕𝑦
−
𝜕𝑣𝑦
𝜕𝑧
)
𝑖
→ + (
𝜕𝑣𝑥
𝜕𝑧
−
𝜕𝑣𝑧
𝜕𝑥
)
𝑗
→ + (
𝜕𝑣𝑦
𝜕𝑧
−
𝜕𝑣𝑥
𝜕𝑦
)
𝑘
→ ,                (2) 
where V is the velocity vector and 
𝑖
→ ,
𝑗
→ 𝑎𝑛𝑑 
𝑘
→ are the unit vectors in x, y and z axis. In 2-D PIV velocity 
measurements the ∇ × 𝑉 is a one-dimensional vector perpendicular on the xy-plane represented by its scalar value.The 
vorticity profile for both phases in the film region is shown in figure 10. The spinning motion in the gas phase is 
significantly higher than the liquid phase as highlighted by the vorticity profile. Moreover, the vorticity near the 
interface is relatively lower in the film region compared to the wake and nose sections. 
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Fig. 9 a mean axial velocity profile, and b turbulent intensity profile in a film region 
 
Fig. 10 Vorticity profile in three sections of a slug flow showing the coupling of the phases 
3.3 Interface Shear Stress 
Figure 11 represents the coupling of both phases in terms of shear stress at the interface. The interface shear stress 
(𝜏 = 𝜇
𝜕𝑈
𝜕𝑦
, 𝑤ℎ𝑒𝑟𝑒 𝑦 → 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒  ) was measured at two section of the slug flow (film region and bubble front). It 
can be seen that the shear stresses are balanced at the gas liquid interface.  
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Fig. 11 Interface shear stress in a film section, and b wake section 
3.4 Turbulent Analysis of a Slug Flow using Proper Orthogonal Decomposition 
Proper Orthogonal Decomposition (POD) was proposed by Sirovich (1987) as an objective method to identify 
deterministic features in turbulent flows. The flow field when decomposed into orthogonal spatial and temporal modes 
reveals the basic flow structures and energy content. In this technique the structure 𝜙(𝒙) is identified from the flow 
with the largest projection onto the velocity field 𝒖(𝒙, 𝑡). This maximization problem leads to an eigenvalue problem 
                                                                ∫ 𝑅(𝒙, 𝒙′)
𝒙
𝜙𝑗
𝑛(𝒙′)𝑑𝒙′ = 𝜆𝑛𝜙𝑗
𝑛(𝒙)                                                                               (3) 
Where 𝜆𝑗 is the 𝑗th eigenvalue and presents the energy contained in the 𝑗th POD eigenmode 𝜙𝑗(𝒙). 𝑅(𝑥, 𝑥
′) is the 
two-point spatial correlation tensor, 
                                                                        𝑅(𝒙, 𝒙′) = 〈𝒖(𝒙, 𝑡)𝒖(𝒙′, 𝑡)〉                                                                                  (4) 
Where 〈 . 〉 represents the ensemble average. The deviations from the mean (fluctuating velocity field) is projected 
onto the POD eigenmodes 𝜙𝑗(𝒙): 
                                                                      𝒖𝒏(𝒙, 𝑡) = ∑ 𝑎𝑗
𝑛(𝑡)
𝐽
𝑗=1
𝜙𝑗
𝑛(𝒙)                                                                                    (5)  
where 𝑗 is the mode index and 𝑛 is the snapshot number. The coefficients are calculated as: 
                                                                     𝑎𝑗
𝑛(𝑡) = ∫ 𝒖𝑛(𝒙, 𝑡)
𝛀
𝜙𝑗
𝑛(𝒙)                                                                                       (6) 
Where Ω is the domain under consideration. The coefficients are uncorrelated to one another and in time, 
                                                                    〈𝑎𝑛(𝑡)𝑎𝑚(𝑡)〉 = 𝜆𝑛𝛿𝑚
𝑛                                                                                                 (7) 
Turbulent analysis of the liquid and gas phase were carried out by applying POD on the instantaneous velocity fields 
representing the film region of a slug flow. The flow field was decomposed into 20 spatial and temporal modes. As 
the spatial modes represent the dominant flow patterns that contain significant proportion of fluctuating energy, the 
energy distribution of both phases were measured and compared as shown in figure 12.  
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Fig. 12 Energy spectra based on 20 numbers of snapshots 
It was noticed that for the liquid phase mode 1 contains 80% of the energy on its own. Mode 2 and 3 contained 14% 
and 12% of the energy respectively and mode 4 has 4.2%. Mode 20 with less than 1% of the energy represents 
information about the presence of small vortices. From figure 12, it can also be seen that the first spatial mode of the 
gas contains 45% of the total energy. The bulk of the energy is dissipated by mode 9. The fluctuating energy is 
uniformly dissipated among the gas modes, whereas the energy dissipates more rapidly in the liquid phase than the 
gas phase. 
 
 
Fig. 13 POD analysis of liquid phase, a spatial mode 1, and b spatial mode 2 
(a) 
(b) 
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Fig. 14 POD analysis of gas phase a spatial mode 1, and b spatial mode 2 
Figure 13(a - b) shows POD spatial modes 1 and 2 for the liquid phase. The spatial mode 1 for the liquid phase is the 
highest turbulent energy mode containing 80 % of the energy. In physical terms, the mode 1 represents high positive 
fluctuations. On the other hand, mode 2 shows both positive and negative fluctuation vectors showing randomness. 
This mode 2 was influenced by positive fluctuation localized only near the interface. Figure 14(a - b) shows the POD 
modes 1 and 2 for the gas phase. These modes are significantly different from those of the liquid phase. The first 
spatial mode, in figure 14(a), shows high momentum flow moving from left to right. The second mode, figure 14(b), 
contains different dynamics and mixed behavior of the velocity vectors. Also one counter vortex appeared in this mode 
indicating the turbulent complexity of the gas phase. The more small scale vortices will appear in the higher order 
modes contributing less to the dynamics of the flow. 
4 Conclusion 
An experimental study using simultaneous PIV-LIF was conducted to analyze a two-phase (liquid-gas) slug flow in a 
nearly horizontal pipe at an inclination of θ = 1.16°.  The slug flow was generated at a flow rate of 100 l/min for gas 
and 80 l/min for liquid. The main objective of this study was to examine the coupling of both phases in terms of 
velocity exchange, momentum transfer, vorticity and the interface shear stress. In order to address this problem, 
simultaneous measurement of the velocity of the two phases was required. Therefore, the phase separated entire flow 
field velocity measurement was performed using PIV-LIF.  The velocity fields at three different sections, slug film, 
slug wake and slug nose, in a unit slug was measured and analyzed. It was found that the velocity of the gas phase in 
the film region was significantly higher than the liquid phase. As the bubble front penetrated into the liquid slugy 
body, it accelerated the liquid body and the velocity exchange was observed between the two phases. The vorticity 
and the interface shear stresses were measured and, as expected, were balanced at the interface between the two phases.  
In the film region, as the gas phase moved faster than the liquid, the slip velocity was high as was the vorticity while 
the interface shear stress remained low. In the wake section of the slug, the slip velocity decreased and the interface 
shear increased resulting in the increase of vorticity. The Proper Orthogonal Decomposition technique was applied to 
study turbulence and to visualize the complex structures embedded in the flow. The energy spectra for both phases 
were compared. The turbulent energy was mostly contained in the first three modes of the gas and liquid phase but 
the energy dissipated more rapidly in the liquid phase than the gas phase in a film region. This PIV-LIF technique, 
combined with POD is a powerful tool for studying two-phase (liquid-gas) flows and for studying the phase interaction 
and forces acting on the phases interface. 
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